Introduction
Following the observations made during the recent extreme tsunami events, controversial opinions were published on the performance of the coastal forests subject to extreme tsunami. Coastal ecosystems may indeed act as a buffer against tsunami through a reduction of water flow velocity and inundation depth, debris blockage, their life saving role for people washed away by waves, and formation of sand dunes resulting from sand accumulation in front of the forest (Shuto, 1987; Harada and Imamura, 2005) . A number of publications and reports confirming the positive role of coastal vegetation in tsunami attenuation, and based predominantly on the qualitative evaluation of the pre-and post-tsunami situation in the affected areas, reached the public after the 2004 Indian Ocean tsunami event (e.g. Dahdouh-Guebas et al., 2005; UNEP Report, 2005; EJF Report, 2006) . The very low number of casualties as well as minimal damage suffered by villages located behind green belts, which have been reported in comparison to non-vegetated areas, were attributed to the healthy conditions the local vegetation of sufficient width and density.
On the other hand, there were clear evidences of severe destruction of single trees or even entire forests through uprooting, bending or trunk breaking during past tsunami events (e.g. Shuto, 1987; Yanagisawa et al., 2009 ). The damage encompassed predominantly the first few tree rows facing an open sea, growing in estuaries or along channels as well as regions experiencing the maximum tsunami intensity. An extreme example is the damage of the forest in Rikuzentakata
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City (Japan) by the Tohoku 2011 tsunami. Only a single pine tree survived the tsunami attack, out of 70 000 mature trees whose trunks were broken at heights of 1-2 m above the ground (EERI Report, 2011) .
In spite of these contradictory opinions, it may be concluded that coastal forests might indeed provide an effective protection against tsunami up to a certain magnitude. The level of this protection is however conditioned by forest characteristics (i.e. tree species, tree age determining tree dimensions, tree health state, forest density, forest width, effect of shrubs), local bathymetrical and geographical features as well as soil properties (risk of uprooting).
A number of studies have been performed, aiming at the improvement of the prediction of wave attenuation by coastal vegetation and at the determination of the corresponding hydraulic resistance, including experimental investigations (e.g. Imai and Matsutomi, 2005; Irtem et al., 2009 ) as well as numerical modelling (e.g. Harada and Imamura, 2005; Ohira et al., 2012) . The results of most of these investigations are representative for the mangrove Rhizophora sp., as its complex root system is believed to significantly contribute to the reduction of tsunami-induced flow. Among these, the experimental studies are of particular interest, since the existing methods of tree parameterization represent their weakest and most incomplete part. Although the parameterization procedure is determinant for the accuracy of the outcomes on the damping performance of the tested forest model, it seems to be of secondary importance and is either neglected (i.e. artificial plastic tree models are used) or based solely on the structural properties of the considered tree species (e.g. Kongko, 2004; Irtem et al., 2009) .
Motivated by the lack of models to reliably predict the damping performance of coastal vegetation, the TAP-FOR project ("Tsunami Attenuation Performance of Coastal Forests") was established to primarily provide a deep insight into the processes governing wave attenuation by mangrove and beach forests. Among the results of this project, only those related to the mangrove forests are addressed in this paper, including tree parameterization and the processes associated with wave and bore propagation and subsequent transmission behind the forest, as well the hydraulic resistance of mangroves subjected to both tsunami-like solitary waves and tsunami bores. More results and details can be found in .
Parameterization of mangrove trees

Parameterization method
A simplification of the very complex three-dimensional tree structure with randomly distributed roots and branches was necessary for consistent modelling. Moreover, it allows one to reduce the efforts of constructing the tree models for the laboratory experiments. By applying a proper parameteriza- Fig. 1 . Geometry of a five-year old Rhizophora apiculata (a) and relationship between root density and water depth, obtained for mangrove models from model group A (low root density), B (medium root density) and C (high root density) in reference to field measurements by Mazda et al. (1997) 
(b).
tion approach (i.e. that accounts for both structural and biomechanical properties of the considered vegetation species), a prototype tree can be replaced by a model tree of a simplified structure having the same hydraulic resistance.
The selection of a representative mangrove species for the purposes of this study was conditioned by the criterion of maximum resistance of a tree subject to wave-induced flow, which in case of a single tree is determined predominantly by tree species and tree age (i.e. tree structural parts and their dimensions). A much higher rate of flow attenuation is expected in the case of a complex and denser root system, such as prop roots typical for red mangroves (Rhizophora sp.), than for other mangrove species (Fig. 1a) . The canopy would however contribute to flow attenuation only in the case of large inundation depths reaching even the tree tops.
The parameterization method in this study was applied to a mature Rhizophora sp. under the stiff tree structure assumption, in which the contribution of the flexible canopy to wave damping was first neglected and the trunk was considered as stiff. In the first step, the typical dimensions of a five-year old red mangrove, provided by Mazda et al. (1997) , Istiyanto et al. (2003) and Kongko (2004) , were scaled down according to the Froude similitude law (see Fig. 1a ). The relationship between submerged root volume ratio and water depth, obtained by Mazda et al. (1997) for different mangrove species in Japan and Australia, was used as a reference to determine the root density of the prototype tree (termed hereafter "real mangrove model"). Since the highest root density is attributed to the bottom part of the root system, a clear decrease of the submerged root volume ratio (defined as a volume of submerged mangrove roots V m divided by water control volume V ) with increasing water depth can be noticed ( Fig. 1b) . Overall, three real mangrove models of different root density were constructed to investigate the influence of the submerged root volume ratio on the hydraulic resistance of the models: model A1 with low root density, model B1 with medium root density and model C1 with high root density (Fig. 2) . The structure of the real mangrove models was shaped by means of wires covered by a clay layer and hardened in an oven. In the second step, a simplification of the considered structural tree parts was introduced to the "real mangrove models". The trunk was constructed as a single cylinder of identical height and diameter for all mangrove models ( Fig. 2 and Figs. A1-A3 in Appendix A). The complex root system was replaced by a group of cylinders of different height, diameter and spacing in order to account for different frontal areas A f (i.e. the areas perpendicular to flow direction) and projected areas A p (i.e. the areas seen from the bird view) as shown in Tables 1 and 2 . The frontal and the projected areas of the tree model were determined by means of AutoCAD software from photos taken perpendicularly and parallel to the flow direction, respectively. More details of the tree parameterization method can be found in and .
Hydrodynamic properties of real and parameterized mangrove models
In order to select the most appropriate representation of the "real" mangrove model among the parameterized models for further testing in the wave flume (Sects. 4-6), comparison of hydrodynamic properties of the parameterized and the reference models was made. For this purpose, laboratory experiments were performed at a scale of 1 : 20 under quasi-steady flow conditions in a flume, which is ca. 26.6 m long, 0.6 m wide and 0.7 m high. A single tree model was installed on a 0.18 m high platform in the middle of the flume width. A wide range of Reynolds number (Re ∼ 2.9 × 10 4 − 9 × 10 5 ) was obtained by varying the flow depth h over the platform (0.05, 0.1, 0.125 and 0.15 m) and the flow velocity (0.2, 0.5, 0.75, 1.0 and 1.42 m s −1 ). The flow velocity corresponded to the tsunami onshore velocity of the order of 2-5 m s −1 in the field, as estimated by Fritz et al. (2006) .
The flow-induced forces exerted on a single mangrove model, water free surface elevation and flow velocity were measured at a distance of 0.35 m in front of and behind the tree model by means of force transducers (FTS), wave gauges (WG) and acoustic Doppler velocimeters (ADV), respectively. The flow velocity was generally measured at three different heights (0.03, 0.05 and 0.08 m) except for the lowest flow depth, for which the measurement was performed at one height of 0.03 m. Based on these measurements, depthaveraged flow velocity (calculated at a height of 0.4 h above the platform according to Ward and Trimble, 2004) was introduced (see .
The measured parameters were used for the calculation of drag coefficient, the reduction of flow velocity and the hydraulic gradient (i.e. flow depth reduction over a given distance). A more detailed discussion of the experimental results is provided by . A comparison of the drag coefficients of the parameterized mangrove models, with the reference values obtained for the "real mangrove models" was however particularly important for the selection of the parameterized model for further investigation in the wave flume. Drag coefficient C D was calculated according to Morison's equation, assuming that inertia force can be neglected due to quasi-constant flow velocity, i.e. ∂u/∂t ∼ 0:
where A f is the frontal area of the mangrove model [m 2 ], listed in Table 1 , Fig. 3 . The latter was redefined according to Mazda et al. (1997) in order to account for the physical properties of the tree models:
with L e denoting the effective length of the mangrove model [m] , Re the Reynolds number [-] and ν the kinematic viscosity [m 2 s −1 ]. The effective model length was specified as: A further analysis of the relationship between drag coefficient C D and effective length L e of the models indicated that larger C D values were obtained for mangrove models of higher root density (i.e. smaller values of L e ), which enabled the flow to pass through the root system. Instead, the flow around the tree model dominated the flow through the root system, thus generating vortices. In case of mangrove models with sparser roots (i.e. larger values of L e ), the undisturbed flow through the root system was dominating, thus resulting in a weaker hydraulic resistance. A clear tendency of the drag coefficient to decrease, from C D = 10 to C D = 1.0, with the increasing Reynolds number can be noticed in Fig. 3 . Empirical relationships to predict the drag coefficient for the given physical properties of the parameterized mangrove models and flow conditions are proposed: with a lower envelope of the data set given as:
The lower envelope of the data set is consistent with the values of the drag coefficient obtained from tests with a single cylinder subjected to steady flow, performed by . A comparison of the obtained resistance from the parameterized mangrove models with the results from previous studies is provided in Sect. 6 below.
Based on the measurement of the flow-induced forces on the single tree models, it was found that the parameterized models with cylinder diameter of 0.5 cm (i.e. models A2, B2 and C2) had comparable hydraulic resistance to the "real" counterparts . The bore gates can be operated synchronically or individually by means of a pneumatic system shown in Fig. 4a . The bore gate in the 1 m-wide flume is equipped with three pneumatic cylinders (with maximum operating pressure of 10 bar), while two larger cylinders (with maximum operating pressure of 12 bar) were required for operating the heavier bore gate in the 2 m-wide flume. The non-moveable frames of the gates are fixed to the flume bottom and flume walls and allow for opening of the movable parts of the gates by swinging around a horizontal axis. The moveable parts of the bore gates are covered by plywood plates and are equipped with additional weight to increase the swinging moment. A weight control is installed at the seaward side of the bore generators to provide a support for the gates after their opening, so that the stored water can flow out undisturbed. Isolation of the gate frames by means of rubber stripes and silicon layers was required to prevent from water leakage towards the lee-side of the gates. T10  T35  T60  T6  T31  T56  T3  T28  T53  -B = 1.5 m  T6  T7  T31  T56  T68  T69  T81 T106 T118  T119  B = 2.25 m  T6  T7  T31  T56 T106 T118 T119 T168 T169  T161  B = 3.0 m  T6  T56 T106 T118 T119 T168 T169 T181 T206  T243 Experiments with tsunami bores
Fig. 3. Drag coefficient versus
Reynolds number for the tests in quasi-steady flow flume (data corresponding to the "real mangrove models" A1, B1, C1 and the parameterized mangrove models A2, B2, C2 is considered only).
Experimental set-up and programme
The experiments on tsunami attenuation by mangrove forest were performed at a scale of 1 : 25 (according to the Froude similitude law) in the 2 m-wide wave flume of the LWI, which is approximately 1.25 m high and 90 m long (Fig. 5) . The mangrove forest model was integrated into a beach model made of plywood. The beach model consisted of a foreshore part with a length of ca. 8.3 m and a slope of ca. 1 : 20, evolving into a horizontal platform of height of 0.415 m (Fig. 5a ). This elevation of the forest model at a certain level above the flume bottom was necessary for the installation of the force transducers to measure the forces exerted on single tree models and the entire forest (see Sect. 3.3). The forest model was composed of the parameterized mangrove models A2, arranged in shifted rows with 12 and 13 single trees, respectively, as shown in Fig. 6 . Only one forest density (ca. 44 trees m −2 ), corresponding to the highest forest density possible by considering the tree model dimensions, was tested for different forest widths. This resulted in a total of 62 tree models for forest width B = 0.75 m, 125 tree models for B = 1.5 m, 187 tree models for B = 2.25 m (investigated solely in the tests with solitary waves) and 250 tree models for B = 3.0 m.
Solitary waves of different incident nominal wave height H i, nom = 0.04-0.2 m (with an interval of 0.04 m) were generated at different water depths, ranging from h = 0.415 m (tree models fully emerged) to h = 0.615 m (tree models fully submerged, i.e. up to the top of the trunk) with an interval of 0.05 m. The lowest water level was however excluded from the experimental programme in further tests, since no wave transmission through the forest model was observed.
In order to account for a wide range of initial bore conditions, different water levels behind the bore gate (h o = 0.6, 0.7, 0.8 and 0.9 m) were used in the tests, corresponding to the volume of the stored water of V w = 24, 28, 32 and 36 m 3 . For each water level behind the bore gate, bore propagation over a wet bed (with water level in front of the bore gate h 1 = 0.1, 0.2 and 0.3 m) and a dry bed (with h 1 = 0.0 m) was investigated (see Fig. 5b ).
Applied measuring and observation techniques
Forces resulting from the tsunami interaction with the single tree models were measured by 10 FTS transducers of maximum load of 60 N. The transducers were mounted to the bottom part of the mangrove models and distributed over the entire forest width to provide the pattern of force reduction (see Figs. 4b, 5c and Table 3 ). The wave-induced forces exerted on the entire forest model were measured by means of a second type of the force transducer (FT), developed in a collaboration with Hottinger Baldwin Messtechnik GmbH ( beach model was required to transfer the forces exerted on the forest model to the force transducer as shown in Fig. 5c . Gaps between flume walls and the moveable part of the beach model allowed for free motion of the entire measuring platform. In the tests with solitary waves, the force transducers were arranged solely along the forest model ( Fig. 11 and Table 3), while in the tests with tsunami bores both along and behind the forest (i.e. over a distance equal the maximum examined forest width of B = 3.0 m), as indicated in Fig. 12 and Table 3 . The latter arrangement allowed to compare the force envelope irrespective of the examined forest width.
Water free surface elevation was measured in front of, in and behind the forest model, by 21 and 16 wave gauges (WG) in the tests with solitary waves and tsunami bores, respectively ( Fig. 5a, b) .
Flow velocity under a solitary wave was recorded by two acoustic Doppler velocimeters installed at the beginning and the end of the forest model (ADV1 and ADV2, respectively). The bottom of all sensors was at a height of 0.1 m above the beach model. Bore velocity was measured by two propellertype current meters, installed at a height of 5 cm above the beach platform, ca. 0.04 m in front of and behind the forest model (PR1 and PR2, respectively) (Fig. 5b) .
Wave propagation through the forest was recorded by video cameras installed at the beginning and at the end of the forest model (Fig. 5a, b) .
Tsunami propagation through the forest model
Classification of observed propagation modes of solitary waves and tsunami bores
Classification of the observed wave and bore propagation modes enabled to identify the source of wave and bore damping (i.e. by the forest model or by the combination of the foreshore topography and the forest model), and thus, to properly determine the effectiveness of the mangroves to attenuate tsunami. The wave and bore evolution modes were classified by means of the water surface elevation measured by wave gauges as well as by video analysis.
Solitary wave evolution modes
Several aspects, such as the location of the incipient wave breaking and the generation of wave fission, were considered in the determination of the following five solitary wave evolution modes.
Non-breaking waves (contribution of the forest model to wave attenuation)
Non-breaking incident waves disintegrating into solitons (evolution mode EM1).
A solitary wave train, consisting of waves of decreasing height (solitons), was generated as a result of the wave fission process due to the change of the water depth, from h = 0.465-0.615 m in front of the beach model to d r = 0.05-0.20 m over the beach model (Fig. 7a) . This mode was typical of waves of smaller nominal incident heights: H i, nom = 0.04 m generated at water depth h = 0.515-0.615 m and H i, nom = 0.08 m for h = 0.615 m.
Breaking waves (contribution of the forest model and the foreshore topography to wave attenuation) -Waves breaking over the beach slope (region 1) and disintegrating into solitons (evolution mode EM2), as shown in Fig. 7b . This evolution mode was observed for waves of medium and largest height (H i, nom = 0.12-0.20 m), propagating in the smallest examined water depth of h = 0.465 m.
-Waves breaking between the end of the beach slope and the beginning of the forest model (region 2) and disintegrating into solitons (evolution mode EM3).
Two submodes can be further distinguished depending on the order of generation of the breaking and fission processes ( Fig. 7c ): (i) generation of wave breaking followed by wave disintegration into solitons (observed in cases, where the inception point of the breaking event was located very close to the end of the beach slope), (ii) generation of wave fission followed by wave breaking and a further development of wave disintegration (observed in cases, where the inception point of the breaking event was located close to the beginning of the forest model). This evolution mode was the most common pattern of wave behaviour observed in this study.
-Waves breaking in the forest model (region 3) and disintegrating into solitons (evolution mode EM4).
As a result of the fission process, induced in front of the forest model, the height of the leading solitary wave increased till the wave became unstable and broke in the forest model. A further development of the solitary wave train was clearly seen once the process of wave breaking was accomplished (Fig. 7d ). This evolution mode occurred for waves of medium height of H i, nom = 0.08-0.16 m, generated at the highest water levels of h = 0.565 and 0.615 m and propagating through the forest model of width B = 1.50-3.0 m.
-Waves breaking behind the forest model (in region 4) and disintegrating into solitons (evolution mode EM5).
The characteristic of this evolution mode is similar to that of the evolution mode EM4 (Fig. 7e) . It occurred, however, for waves of height of H i, nom = 0.08 m, generated at a water depth of h = 0.565 m, as well as H i, nom = 0.12 m generated at a water depth of h = 0.615 m, propagating through the forest of the narrowest width B = 0.75 m.
The solitary wave evolution modes were found to be dependent predominantly on the incident wave height and the water depth. The forest width plays an important role when distinguishing between wave breaking in and behind the forest model. For instance, waves, which broke behind the narrowest forest model (B = 0.75 m), broke in the forest model for larger forest widths (B = 1.25-3.0 m).
Tsunami bore evolution modes
A bore with a turbulent front was generated in each test, irrespective of the water depth conditions in front of and behind the bore gate. The bore height, as well as the intensity of the turbulence at the bore front, varied however with the water levels h o and h 1 . The weakest bores, not reaching the end of a forest model, were generally observed for the smallest water depth behind the bore gate (h o = 0.6 m) and the two widest forest widths (B = 1.5 and 3.0 m). In contrast to the experiments with the solitary waves, the profile of the bore approaching the forest model was strongly modified by the water accumulation within the first three tree rows (Fig. 8) , described in more detail in Sect. 4.2.2.
Wave and bore height envelopes
Envelope of solitary wave height
The heights of the solitary waves, generated in the deeper water in front of the beach model, were H i, gen = 0.04, 0.082, 0.125, 0.168, and 0.21 m. The latter were obtained by averaging the maximum wave heights in all tests with the same incident wave conditions. The generated wave heights are almost identical to the incident nominal wave heights H i, nom = 0.04, 0.08, 0.12, 0.16 and 0.2 m. The wave heights remained constant during wave propagation over the horizontal part of the wave flume, which preceded the beach model with the integrated forest model. Once the waves ran onto the beach model, their height was modified by the combined processes of wave shoaling, wave breaking, wave reflection and wave fission, according to the corresponding evolution mode.
The height of the non-breaking waves (EM1) increased slightly in front of the forest model to less than 0.05 m and 0.10 m for H i, nom = 0.04 and 0.08 m, respectively. This was primarily due to wave shoaling occurring over the foreshore beach slope and further due to the generation of the fission process, resulting from the water depth reduction over the horizontal part of the beach model (Figs. 7a and 9a) . The amplification of the height of the leading wave (i.e. the first soliton) accompanied the first stage of the fission process, in which humps, representing the successive solitons, emerged at the rear part of the leading wave. As the wave disintegration into solitons developed, the height of the leading soliton decreased. In the forest model, the wave height decreased as a result of higher wave energy losses due to the presence of the tree models (mangrove roots). The rate of this wave height reduction was clearly higher for lower water depths and wider forests; under these conditions the wave interaction with the roots was stronger due to the partial root emergence and the longer propagation distance over the region of higher roughness. Exemplarily, waves of H i, nom = 0.04 m, propagating in water depth of h = 0.565 and 0.615 m through the forest model of width B = 0.75 and 1.5 m, became slightly smaller than 0.04 m behind the forest (Fig. 9a) , while the height of the same wave propagating in h = 0.515 m through the forest of B = 3.0 m became ca. 0.02 m high. A successive increase of the height of waves of H i, nom = 0.08 m up to ca. 0.10 m, as a result of the fission process, was observed behind the two narrowest forest models (B = 0.75 and 1.5 m) and water depth h = 0.615 m (Fig. 9a) . In contrast, the height of the same incident waves was reduced approximately to the value of the wave height reached in front of the forest model during propagation over wider forest models (B = 2.25 and 3.0 m).
The height of waves classified as evolution mode EM2 was reduced significantly already over the beach slope due to the induced wave breaking process (Figs. 7b and 9b) . Due to the limited number of deployed wave gauges, it was not possible to record wave heights over the foreshore beach slope. Therefore, the wave height envelope for this evolution mode is not complete between wave gauges WG8 and WG9 in Fig. 14b .
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However, it is assumed that the wave shoaled over the foreshore slope until it became unstable and broke. At the end of the beach slope, the wave heights decreased to ca. 0.12, 0.16 and 0.18 m for H i, nom = 0.12, 0.16 and 0.2 m at water depth h = 0.465 m, respectively. They diminished further to ca. 0.03, 0.04 and 0.05 m, respectively, as the broken waves propagated through the forest model.
Generally, waves of evolution mode EM3 reached their maximum height, at breaking, in front of the forest model, where they eventually broke. Further wave height amplification was caused by the generation of the solitons in this region (Figs. 7c and 9a, b) . Only in few cases, the maximum wave height occurred at the transition point between the beach slope and the horizontal part of the beach (i.e. at wave gauge WG9). The wave height, at breaking, was primarily determined by the water depth and it increased with the increasing submergence of the mangrove models. Exemplarily, the height at breaking of waves of H i, nom = 0.12 m was ca. 0.17 m for h = 0.515 m, while it increased up to ca. 0.2 m for h = 0.565 m. A strong reduction of the wave height accompanied the propagation of the broken wave through the forest, exemplarily to ca. 0.01 m for H i, nom = 0.04 m and to ca. 0.02 m for H i, nom = 0.08 m (Figs. 9a, b) . A further development of the fission was not suppressed by the breaking event and thus a slight increase of the height of the leading wave was noticeable.
For waves breaking within the forest (EM4), the wave height increased in front of the forest model and partly in the forest, irrespective of the generated wave height: waves reached ca. 0.11, 0.13 and 0.18 m at the end of the beach slope for H i, nom = 0.08 m at h = 0.565 m and H i, nom = 0.12, 0.16 m at h = 0.615 m, respectively (Figs. 5d and 9a) . A further wave amplification up to the maximum wave height, at breaking, in the forest up to ca. 0.13, 0.17 and 0.23 m, respectively, resulted from the development of the fission process. The wave height reduction within the measured propagation distance, associated with the breaking event, was weaker for H i, nom = 0.08 and 0.12 m -the wave heights behind the forest model approached approximately the value of the nominal incident wave heights (H i, nom ). Only for H i, nom = 0.16 m, the reduction rate was much higher, and in this case the wave height behind the forest decreased below the value of the nominal incident wave height (up to ca. 0.11 m).
A similar pattern of the wave height envelope was observed for waves breaking behind the forest (EM5) as illustrated in Fig. 5e . Exemplarily, for H i, nom = 0.08 m the wave height at the end of the beach slope was ca. 0.12 m and it was amplified through the phenomenon of wave disintegration into solitons up to ca. 0.14 m at the end of the forest model. The wave became unstable and broke behind the forest with the minimum measured height of ca. 0.09 m.
Envelope of tsunami bore height
The bore, generated after a sudden opening of the bore gate, rushed onto the sloping part of the beach, reaching a maximum height of H b, max ∼ 0.09, 0.13, 0.17, 0.22 m for water depth behind the bore gate h o = 0.6-0.9 m, respectively (independent of water depth in front of the bore gate h 1 = 0.0-0.3 m), at wave gauge WG2 placed at the end of the slope. The incident bore height was then reduced by the accompanying turbulence effects to H b, max ∼ 0.04, 0.08, 0.12, and 0.15 m at wave gauge WG4. Due to the presence of the mangrove models, the incident bore front increased in height approximately in the first three rows of the forest, resulting in a water impoundment reaching the top of the mangrove trunks (20 cm) and more. This was accompanied by very strong turbulent processes as shown in Fig. 8a and b. The bore front behind the first three tree rows was first significantly reduced to a thin water layer reaching approximately up to half of the trunk height. Once the bore front reached the middle of the forest model, the water level in the forest model increased and a wave reflected from the frontal forest row was generated (Fig. 8c) . Finally, the flow depth over the entire forest model became constant, equal to the height of the mangrove trunks (Fig. 8d) .
The bore height envelope was found to be predominantly dependent on the water depth behind the bore gate -the bore height along the entire beach model became larger as h o increased (Förstner, 2010; Geiling, 2011a, b) . In contrast, the influence of the water depth in front of the bore gate on the bore evolution is almost negligible.
The spatial distribution of the maximum incident bore height is plotted exemplarily for h o = 0.8 m and h 1 = 0.0 m in Fig. 10a . The bore height in front of the forest (at wave gauges WG2-WG4) was of the same order for all considered forest widths. This indicates a very good repeatability of the incident bore conditions in the performed experiments. Due to the turbulent nature of the generated bore, the bore height decreased within the distance between WG2 and WG4. A very strong and sudden amplification of the bore height (up to a factor of 2.5) took place at the beginning of the forest (wave gauge WG5) and was the strongest for the widest forest (i.e. B = 3.0 m). This was caused by a partial blockage of the bore by the very dense mangrove root system, leading to the above mentioned water accumulation (set-up) in front of and within the forest model (up to the three first tree rows).
The amplified bore height was significantly decreased along the forest model as a result of the turbulent bore interaction with the mangrove roots. The bore height at the end of the forest (i.e. at WG7 for B = 0.75 m, WG9 for B = 1.5 m and WG13 for B = 3.0 m) tended to be of approximately the same order for the two smallest forest widths B = 0.75 and 1.5 m: ca. 0.07 m for h o = 0.7 m, ca. 0.1 m for h o = 0.8 m and ca. 0.14 m for h o = 0.9 m (see Fig. 10a ). In contrast, the bore height at the end of the forest of width B = 3. 
Forces induced by waves and bores on single trees
in the mangrove forest
Envelope of forces exerted by solitary waves on single mangrove models
The magnitude of the forces exerted by waves on single mangrove models was influenced primarily by the wave evolution modes (governed by the water depth and the incident Table 3 for force transducer locations).
wave height conditions). The highest forces were always recorded in the first tree row and their magnitude was independent of the forest width. For a given evolution mode, these forces became larger with the increasing incident nominal wave height. For identical evolution modes and incident wave heights, the increase of the tree model submergence resulted in a weaker wave impact on the mangrove models. This pattern can be particularly well observed for non-breaking waves (EM1). In case of non-breaking waves (EM1), the forces exerted by waves on single mangrove tree models of H i, nom = 0.04 m on the first tree row were ca. 1.2 N for water depth h = 0.515 m, ca. 0.6 N for h = 0.565 m and ca. 0.4 N for h = 0.615 m. For these conditions, the forces were reduced at the last tree row to ca. 0.8 N for h = 0.515 m, ca. 0.5 N for h = 0.565 m and ca. 0.3 N for h = 0.615 m, irrespective of the forest width (see Fig. 11a ). In comparison to higher non-breaking waves of H i, nom = 0.08 m propagating in water depth of h = 0.615 m, the exerted forces were much larger -ca. 1.7 N and 1.4 N at the beginning and at the end of the forest model, respectively.
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Waves breaking over the beach slope (EM2) at water depth h = 0.465 m exerted forces of ca. 2.8 N for H i, nom = 0.12 m, ca. 4.7 N for H i, nom = 0.16 m and ca. 5.5 N for H i, nom = 0.20 m at the beginning of the forest (Fig. 11b) . The magnitude of the forces exerted at the last tree row was clearly dependent on the propagation distance of the broken waves and the associated energy dissipation. Exemplarily, these forces were ca. Similarly to the waves classified as EM2, the magnitude of the forces exerted by waves breaking in front of the forest model (EM3) was strongly conditioned by the location of the incipient wave breaking and the rate of the additional energy losses achieved before the waves reached the first tree row. The effect of the incident wave height on the magnitude of the forces exerted on the frontal tree row can be clearly seen in Fig. 11b . For the constant water depth h = 0.465 m, the forces at the beginning of the forest increased from ca. 1.4 N for H i, nom = 0.04 m to ca. 2.3 N for H i, nom = 0.08 m. Depending on the forest width, these forces were reduced at the end of the forest model to ca. 0.8 N and 0.2 N for H i, nom = 0.04 m, while for H i, nom = 0.08 m to ca. 1.5 N and 0.5 N for B = 1.5 and 3.0 m, respectively. The increase of the water depth caused a shifting of the location of the incipient wave breaking with respect to the front face of the forest model. Therefore, the tendency of the forces to decrease with the increasing tree submergence depth for nonbreaking waves cannot be clearly observed in this case. Exemplarily for H i, nom = 0.2 m, the forces at the beginning of the forest yielded ca. 5.2 N for h = 0.515 m, for h = 0.565 m were smaller (ca. 3.4 N) and increased up to ca. 6.5 N for h = 0.615 m, since the breaking was induced much closer to the first tree row. For these wave conditions, the maximum reduction of the wave-induced forces was achieved for the widest forest width (i.e. B = 3.0 m): ca. 2.0-2.2 N for all considered water depths (Fig. 11a) .
For waves classified as EM4, the forces decreased first up to the location of the inception point of wave breaking. The breaking waves exerted additional load on the tree models, which is indicated by a slight local increase of the forces in the forest model (Fig. 11a) . For example the forces exerted by wave of H i, nom = 0.12 m at water depth h = 0.615 m were reduced from ca. 4.1 N at force transducers FTS1/FTS2 to ca. 2.5 N at FTS8. At transducer FTS9 the force reached 4.2 N due to the induced wave breaking and decreased with the wave propagation up to ca. 1.8 N at FTS10.
Waves breaking behind the forest model (EM5) experienced a very similar behaviour as waves classified as EM4. In this case, however, the slight force amplification can be observed at the last tree row of the forest of width B = 0.75 m. Exemplarily, the forces exerted by waves of H i, nom = 0.08 m at water depth h = 0.565 m were 3.0 N at transducers FTS1/FTS4/FTS7, 2.1 N at transducers FTS2/FTS5/FTS8 and 3.3 N at transducers FTS3/FTS6/FTS9. Table 3 for force transducer locations).
Envelope of forces exerted by tsunami bores on single mangrove models
The bore approaching the forest model as a turbulent water wall exerted much greater load on the frontal tree row (even up to a factor of 4) in comparison to the solitary waves. The bore-induced forces ranged within ca. 8.0-24.0 N, while only ca. 0.4-6.0 N for solitary waves. These results clearly indicate the appropriateness of the application of a bore for the reconstruction of the destructive nature of a tsunami under laboratory conditions. Exemplary envelopes of the bore-induced forces are plotted in Fig. 12a Similar to the experiments with the solitary waves, the widest forest model (i.e. B = 3.0 m) was found to be most effective in tsunami bore attenuation. For water depth h o = 0.6 m, the forces in the last tree row were reduced for B = 0.75, 1.5 and 3.0 m to ca. 4.0, 2.3 and 0.05 N; for h o =0.7 m to ca. 6.0, 5.0 and 3.5 N; for h o = 0.8 m to ca. 8.5, 6.5, 5.0 N and finally for h o = 0.9 m to ca. 10.0, 8.0 and 6.2 N. A complete bore damping was observed for the weakest bore generated with the water level behind the bore gate of 0.6 m, propagating over the forest model of width B = 3.0 m (Fig. 12a) .
The improved arrangement of the force transducers in the experiments with the tsunami bores allowed to determine the force envelope within as well as behind the forest model. The most detailed force pattern in the mangrove forest was obtained solely for the smallest tested forest width of B = 0.75 m, for which each tree along the forest width was connected to a force transducer. Such detailed force measurements were not possible in the tests with greater forest widths. Therefore, no force pattern in the five first tree rows are shown in Fig. 12 for B = 1.5 and 3.0 m. However, it is expected that the force trend is similar for all forest widths within the first five tree rows and the first discrepancy appears at the end of the narrowest forest, where the forces generally increased as the bore exited the forest model. During further bore propagation through the forest of widths B = 1.5 and 3.0 m, the magnitude of the exerted forces was also the same until the end of the forest of width B = 1.5 m, where the force became generally larger as the bore entered the region behind the forest model. The forces of the bore travelling further over the widest forest decreased until reaching the end of the forest.
As indicated by the results obtained for B = 0.75 m, the largest bore attenuation occurred in the first two forest rows and it continued up to the fourth tree row (Fig. 12) . From there, a sudden increase of the forces can be observed (for all investigated forest widths and water depths behind the bore gate) as the bore entered the forest-free region. The forces recorded behind the forest tended to decrease for the weakest bores (generated at the smallest water depth behind the bore gate): up to ca. 2.0 N for h o = 0.6 m and slightly below 6.0 N for h o = 0.7 m.
For forest width B = 1.5 m, the forces behind the forest decreased solely for the weakest bore to ca. 2.0 N and increased for the larger h o , reaching ca. 6.0 N for h o = 0.7 m, ca. 11.0 N for h o = 0.8 m and ca. 14.0 N for h o = 0.9 m (Fig. 12) .
The forces decreased over the entire forest width in the direction of bore propagation in case of the widest forest model B = 3.0 m (Fig. 12) . The difference in the magnitude of the forces exerted in the second/third tree row and at the end of the forest of B = 3.0 m is relatively small.
The detailed force measurements, particularly at the beginning of the forest model, show that the first four tree rows are already capable of reducing the bore impact. Despite the force reduction within the forest belt (B = 18.75 m in prototype), the area behind such a short forest would however suffer great damage as the bore forces increase when exiting the forest. In order to maintain the force reduction rate, which was already achieved within the first few tree rows, a wider forest is required -minimum 3.0 m (B = 75 m in prototype) as indicated by the experimental results. However, further investigations would be required to obtain the actual force pattern behind the forest.
5 Determination of tsunami transmission through the mangrove forest
Solitary wave transmission
In the engineering practice, the effectiveness of an arbitrary protective structure is usually described by wave transmission coefficients, expressed as a ratio of the transmitted wave height to the incident wave height. As indicated by the analysis of the wave height envelope in Sect. 4.2.1, the height of the transmitted solitary wave very often exceeded that of the incident wave as a result of the wave fission process (Fig. 7) . In this case, the value of the so-defined transmission coefficient would be unrealistic, i.e. K t > 1.0. Using the analogy to the aforementioned method of the determination of wave transmission coefficient K t , a ratio of the forces exerted on single tree models located at the end and at the beginning of the forest model was used:
where F b represents the maximum wave-exerted force on a single mangrove model located at the beginning of a forest model [N] and F e the maximum wave-exerted force on a single mangrove model located at the end of a forest model [N] . For forest width B = 0.75 m, forces measured by force transducers FTS7 and FTS9 represent the forces exerted at the frontal and rear forest rows, respectively; for B = 1.5 and 2.25 m an average of the forces at transducers FTS1/FTS2 and FTS10, respectively; for B = 3.0 m the forces at transducers FTS1 and FTS10, respectively ( Fig. 6 and Table 3 ). The solitary wave transmission coefficients are plotted in Fig. 13a versus relative forest width B/L i, gen (where B is the forest width and L i, gen the generated incident wave length), which was found to be the most important parameter affecting the forest damping performance. The generated incident solitary wave length, which is theoretically infinite, was approximated by means of the following formula proposed by Dean and Dalrymple (1991) : where h is the total water depth [m] and H i, gen the generated incident wave height [m] . The range of the relative forest width corresponding to non-breaking waves (wave evolution mode EM1) was B/L i, gen = 0.14-0.4 and wave transmission coefficient varied from K t = 0.53 to K t = 0.992, depending on water depth and forest width. Slightly lower values of the transmission coefficient (K t = 0.34-0.75) were obtained for waves breaking over the beach slope (EM2) for relative forest width B/L i, gen = 0.21-1.0. Transmission coefficient for waves classified as EM3 reached K t = 0.43-0.94 for B/L i, gen = 0.12-0.88. Waves breaking in the forest model (EM4) were characterized by a similar rate of wave transmission to that of EM2 (K t = 0.43-0.77), which was however attributed to a narrower range of the relative forest width (B/L i, gen = 0.23-0.52). For waves breaking behind the forest model (EM5), the wave transmission reached K t = 0.69-0.77 for B/L i, gen = 0.12-0.13. The significant contribution of the local foreshore topography to wave attenuation, through wave breaking, becomes very clear when comparing the damping performance of the forest model under non-breaking and breaking wave conditions. In fact, the highest rate of wave transmission was observed for non-breaking waves, indicating a much lower effectiveness of the investigated mangrove model than reported from field surveys (e.g. Dahdoh-Guebas et al., 2005; UNEP Report, 2005; EJF Report, 2006) . The highest reduction of wave energy can be achieved solely by the combined effects of the forest and the foreshore topography. Depending on the local water depth and incident conditions, the transmission coefficient may vary significantly for different evolution modes within the lower and upper envelops shown in Fig. 13a . Huang et al. (2011) investigated experimentally and numerically, predominantly, the effect of drag coefficient on solitary wave transmission over a group of cylinders of varying width, arrangement, V m /V ratio and density, installed on a horizontal flume bottom. The smallest wave transmission (calculated in terms of incident and transmitted wave heights) was achieved for the aligned vegetation model: K t = 0.4-0.5 for C D = 1.7-3.3 (model width 0.545 m, V m /V = 0.175). For this data set, the following fitting curve was proposed by Huang et al. (2011) :
Equation (9) 
Tsunami bore transmission
Selected time histories of tsunami bore height and boreinduced forces, on single mangrove models in front of and behind the forest models of varying width, are exemplarily shown in Fig. 14. As already mentioned in Sect. 4.1.2, tsunami bores approaching the forest model were blocked by the first three tree rows. The strong water accumulation (set up) at the front face of the forest model led to a strong amplification of the bore height in comparison to the bore height measured in front of the forest model. The increase of the bore height at wave gauge WG5 became larger with widening of the forest model (Fig. 14a) . Such amplification of the Table 1 for force transducer locations).
forces exerted on single mangrove trees was not observed (see Fig. 14c ) and therefore the same approach for the determination of the transmission coefficient was used as in case of solitary waves (Förstner, 2010; Geiling, 2011a, b) . Forces exerted at the front face of the forest model F b were determined from the measurements of force transducers FTS1/FTS2, irrespective of the forest width. The forces measured by transducers FTS6/FTS7 for forest width B = 0.75 m, transducers FTS7/FTS8 for B = 1.5 m, and transducers FTS9/FTS10 for B = 3.0 m were used to represent forces exerted at the end of the forest model F e (Table 3) .
The pattern of the bore transmission coefficient is shown in Fig. 13b as a function of water level behind the bore gate h o and forest width B. As expected, the transmission of the tsunami bore became smaller when increasing the width of the forest model from B = 0.75 m to B = 3.0 m. For the two largest forest widths examined, a significant increase of the transmission coefficient can be observed at the transition from the water depth h o = 0.6 m to h o = 0.7 m. In addition, the effect of the water level in front of the bore gate on the rate of the bore transmission can be rather neglected. In case of forest width B = 1.5 m, the transmission coefficient was ca. K t = 0.24 for h o = 0.6 m, and it reached an approximately constant value of K t = 0.5 for h o = 0.7-0.9 m. The largest reduction of the bore energy was attributed to the widest forest of B = 3.0 m -the transmission coefficient was only ca. K t = 0.1 for h o = 0.6 m and h 1 =0.2, 0.3 m (there was no bore transmission for h 1 = 0.0, 0.1 m), while it increased to ca. K t = 0.25 for h o = 0.7-0.9 m. A different pattern of the bore transmission was identified for the narrowest forest model of B = 0.75 m. In this case the transmission coefficient remained approximately constant (K t = 0.59) for the water level behind the bore gate h o = 0.6-0.8 m. The further increase of the water depth behind the bore gate to h o = 0.9 m was accompanied by a significant reduction of the bore transmission to ca. K t = 0.41, which is not so clear for the other forest widths.
Unlike the tests with the solitary waves, it is not possible to distinguish between the effect of the forest and the foreshore topography on the wave attenuation. Due to the turbulent nature of the generated bores, the additional source of the bore energy dissipation was already included in the measured data.
Flow resistance of single mangrove models under solitary wave conditions
The resistance of a single mangrove tree in the forest model, subjected to solitary wave impact, was determined in terms of drag and inertia coefficients by means of the least square method. Given total measured forces F meas , predicted total forces F pred result from Morison's equation:
with λ D and λ m defined as:
The total quadratic error between the measured and the predicted forces is determined as follows:
where A Since the quadratic total error is required to be kept at minimum, the first derivation of the quadratic error should be equal to zero:
By inserting Eq. (13) into Eqs. (14) and (15), one obtains two equations that can be re-arranged in the following matrix:
The drag and inertia coefficients were determined from Eqs. (10) and (11) by inserting the computed values of λ D and λ m , obtained by solving Eq. (16) with the flow velocity and total force data provided from the experiments. Due to the required 5 cm-freeboard below the ADV sensor, reliable flow velocity measurements were possible solely for the two highest water depths (i.e. h = 0.515 and 0.615 m). In case of water depth of h = 0.565 m, the frontal area of the single model was A f = 73.84 cm 2 and the corresponding volume of the submerged tree model was V m = 97.3 cm 3 . For water depth of h = 0.615 m, these two parameters increased to A f = 76.24 cm 2 and V m = 98.8 cm 3 .
The drag and inertia coefficients are plotted for these conditions in Fig. 15 as a function of the Reynolds number Re, as defined by Eqs. (3) and (4), in order to account for the physical properties of the tree models. The drag coefficient ranges between C D = 0.8 and C D = 1.9, and tends to remain constant over the entire investigated range of the Reynolds number obtained for solitary waves (Re = 1.24 × 10 5 − 1.2 × 10 6 ). Such a behaviour of the drag coefficient was also found by e.g. Imai and Matsutomi (2005) , Yanagisawa et al. (2009) and Huang et al. (2011) . The resistance of the mangrove models subject to solitary wave impact was compared in Fig. 15a to that obtained under the quasi-steady flow (Fig. 3 in Sect. 2.2) and regular/irregular wave conditions . Lower values of the drag coefficient attributed to the solitary waves resulted from a lower ratio of V m /V and lower flow velocities as compared to the other considered flow regimes. The solitary waves-related drag coefficient represents the lower boundary of the mangrove resistance for all considered flow regimes, oscillating around the value attributed to a single cylinder (C D = 1.2). The latter is very often applied to represent vegetation resistance subject to tsunami impact (e.g. Dekker, 2006; Teo, 2008; Yanagisawa et al., 2009) following formula for the drag coefficient, valid for regular/irregular waves, solitary waves and current is proposed:
with the Reynolds number Re determined according to Eqs. (3) and (4). A similar relationship between drag coefficient and Reynolds number was also determined by Mazda et al. (1997) for mangrove swamps in Japan (dominated by Bruguiera gymnorrhiza and Rhizophora stylosa) and Australia (dominated by Rhizophora stylosa), subject to tidal flow. Under these conditions, a relatively small range of the Reynolds number was however obtained (up to Re = 9 × 10 4 ) in comparison to the present study. Maximum drag coefficient reached C D = 10 for a much smaller Reynolds number of Re = 10 4 , which is consistent with the present results, and it decreased up to C D = 0.4 as the flow became more turbulent (Re > 5 × 10 4 ). Such a low value of the drag coefficient can result from the additional flow reduction due to bottom friction and presence of shrubs.
The following function of drag coefficient in terms of volume of submerged mangroves V m /V was provided by Harada and Imamura (2001) :
for the case of a broken, long wave propagating through a forest model. The models of Rhizophora sp. were designed under the consideration of the dimensions of trees in nature and consisted of a porous root system, cylindrical trunk and porous canopy. In case of no vegetation (i.e. for V m /V = 0), Eq. (18) predicts however very high drag coefficient (C D = 0.66), which makes this equation physically questionable. Imai and Matsutomi (2005) suggested a drag coefficient in a range of C D = 0.9-1.5 for a case of tsunami bore interaction with a forest of varying density (0.5-1.5 %), consisting of plastic pine tree models arranged in staggered and tandem rows on a sand spit. For a simplification of the calculations of the exerted forces, the volume and the projection area of the considered tree models were replaced by an equivalent volume and an equivalent projection area of cylinders. The values of the drag coefficient were found to be strongly dependent on the vegetation density and weakly dependent on the relative bore height. However, the lack of a parameterization method for a representative pine tree model makes the applicability of these results indeed questionable. Huang et al. (2011) determined drag coefficient on a basis of own experiments with a solitary wave propagating over a vegetation model made of rigid cylinders of varying aligned and staggered arrangement. The results were completed by experimental data by Tanino and Nepf (2008) , obtained for randomly arranged cylinders. Similar to the work by Harada and Imamura (2001) , the drag coefficient was also expressed in terms of the submerged volume ratio:
The value of C D = 1.24 obtained for V m /V equal zero (i.e. no vegetation) is similar to that for a single cylinder and cannot be satisfactorily explained. Equation (19) is therefore, like in the case of Eq. (18), physically questionable. The inertia coefficient attributed to solitary and regular/irregular waves is plotted in Fig. 15b . Unlike Huang et al. (2011) , the contribution of the inertia coefficient to the total vegetation resistance was found to be important, particularly under breaking wave conditions, causing more significant flow acceleration than in case of nonbreaking waves. The inertia coefficient varied in this study from C M = 0.7 to C M = 4.6 for a Reynolds number range Re = 1.24× 10 5 − 1.2 × 10 6 , with the averaged value of 1.81, which is identical to that obtained for regular/irregular waves .
In the study of Harada and Imamura (2001) , a very similar value of the inertia coefficient (C M = 1.7) was obtained. Latief and Hadi (2006) proposed on the other hand a smaller value of the inertia coefficient of C M > 1.0, valid however for the ratio V m /V > 0.06, which is much smaller than that in the current study (V m /V = 0.02-0.2).
The hydraulic resistance of the mangrove forest under tsunami bore conditions is being investigated.
Concluding remarks and outlook
The reliability of the performance of coastal forest damping obtained from hydraulic scale modelling is very much dependent on the parameterization method applied to the tree models constituting the forest. Both physical and bio-mechanical vegetation properties should be taken into account when developing a parameterization approach, since tree age, dimensions and stiffness of each trees' structural parts determine the flow resistance of the tree. Unlike in previous studies, this aspect has been thoroughly considered in this study.
While a single cylinder might be sufficient to represent the trunk of a pine tree, more sophisticated parameterization methods are essential to simplify exemplarily the chaotic root structure of mangroves of Rhizophora sp. The application of the submerged root volume ratio, which varies with the flow depth, represents the primary feature and advantage of the mangrove parameterization approach developed in this study.
The comparative analysis of the attenuation performance of the mangrove forest, under the two investigated tsunami flow conditions (solitary wave and tsunami bore), indicates a similar minimum wave transmission despite much larger forces exerted by the tsunami bores at the first tree row than by solitary waves (with transmission coefficients expressed in terms of forces: K t = 20 % for solitary waves and K t = 10 % for tsunami bore, achieved for the widest 502 A. Strusińska-Correia et al.: Tsunami damping by mangrove forest considered forest model B = 3.0-75 m in prototype). This is due to the fact that the rate of tsunami damping by the forest is also strongly governed by the forest submergence conditions. The interaction of the tsunami bore with the fully exposed mangrove root system (achieved for all performed tests) was much stronger as compared to the solitary waves, propagating over a submerged root system in all conducted experiments.
For the first, time the contribution of a foreshore topography to the damping of wave energy by the forest was determined for a tsunami-like solitary wave. The distinction between non-breaking and breaking wave conditions (here additionally the location of the incipient wave breaking) is crucial for the evaluation of the forest effectiveness in the flow reduction due to the additional source of wave energy dissipation caused by the breaking event. The lowest wave transmission rate was attributed to the non-breaking wave conditions (with the minimum of K t = 0.53), which indicates a relatively poor forest damping performance.
The most important advantages of the current study over the previous investigations are: (i) the use of a physically sound parameterization of the mangrove tree models, (ii) the wider range of the Reynolds number covered in the tests, and (iii) the incorporation of the most important physical properties of the tree models (i.e. frontal area A f , effective length L e and vegetation occupancy volume V m /V ) into the Reynolds number for the determination of drag and inertia coefficients.
In order to provide a complete resistance of mangrove forests to the two tsunami flow conditions examined in this study, the drag and inertia coefficients will be determined for tsunami bore conditions. Additionally, the damping performance of the mangrove forest will also be determined in terms of flow velocity attenuation. Moreover, in this paper, only the mangrove root system and the trunk (stiff structure assumption) are exposed to the tsunami induced flow. Further scale model tests with an exposed canopy are in progress. The mangrove models of the Rhizophora sp. are parameterized according to the flexible structure assumption, in which the trunk with the canopy is considered as flexible and scaled accordingly. The results will be published in a forthcoming paper.
Numerical modelling of the tsunami attenuation by mangrove forests has also been performed . The drag and inertia coefficients, obtained from the laboratory experiments, have been implemented in the NLSW (nonlinear shallow water) model "COMCOT" (Cornell Multi-grid Coupled Tsunami Model). The model was used to reproduce the damping performance measured in the experiments reported in this paper. The results will be published in a forthcoming paper. 
